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ARSTRACT

e e

Staphylococcug aureus SFL 9725 ‘ncorporated valine—ClL into
cellular protein. This incornoration was inhibite by spermine
when the pil of the culture was adjusted to 7.8 and the inhibition
was antagonized pertially by Mg++. The incorporation ot clé-
labeled leucine, phenylalauine, lysine, erginine, and possibly
glutamic acid was {nhibited to a much greater extent than that
of alanine, glycine, or threonine. The uptake of spermine—ClA
by S. aureus cells was rapid. More than 50% of the radloactivity
resided in the soluble extract. The protein fraction of tiae
soluble extract contalned ¢ 7% of the label, whereas the ribo-
tucieic acid and decxyribo aclede acid fractions contained
little or no spermine-C'®,
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1. JNIRODUCTION

The polyaaine sperminc, NHz(CHp)3NH(CH,),NH(Ha)3RHa, was fouud by
Herbst and sneli' to be a growth factor for Hemophilus paraiuflusnzac.
Hager( vemonsirated that this cationic compound was protecrive tomard
bacterifal spheroplasts &nd procoplastg. On the other hand, speraine
inhibited the grawth of Staphvinccccus 29rcus” 8hu pwci's diiu Rucdushy
later showed that gpermine was bactericidal and that the adsorption of

v

(Lec poryamine by the cells decreased §n the presence of high concentrations
of hvdrogen ion or other cations. Sperwine wos not detectable in S. aurvus
unless present i{n the growth medium, The gawme amount of polyamine was taken
up per wram of cells at pH 5.0 or ¢.0 and there was no evidence of {ts
utitrization. spermine also acied av an wntimurooca ‘eainst induced muta-
tion in §. aureus and other organtsms® and Johngon and Bach’ studving this
effect In Eacherichia ¢oli found the incorporation of spermine to be greater
in spheroplasts thau in wiiole celis. The cell walls incorperated only 17

of the radiocactive label and of that bound to the sphercoplasts, only 507
was exchangeable, Studies of the activity of spermine at the molecular
levei® *! indicited a relationship between ribosomal material and spermine
and cousequently proveldn synthesis,

12 . ,
Bachrach and Pcrshy dewmcnstrated the inh}?itlun of protein synthesis
by oxidized spermine by incorporating valine-C into celjular protefn of

E. coli. The effect of spermine on the incorporation of several cl4 amino
acids by the whole cell system of S. aureus as well as studies on the

incorporation and cellular distribution of labeled spermine are reported
here.

IT. MATERIALS AND METHODS

A. STOCK CULTURES AXND MEDIA

5. auteus SFL $725, a iresh isolate from human teces cbtained f{rom
Dr. D. Scmpeliinsky, Assaf Parofe Government Hospital, Zerifin, Israel,
was coagulase-negative, udnnitol-negative, non-hemolytic and resistant
to tvning rhages. According to Baird-Parker‘a this bacterium would not
be classified as 8. aureus, but as a member of Staph -lccoccus subgroup iI.
Howevaer, here the designation §. aureus SFL 9725 will be used. Stock
cultures were maintained on Trypticase Soy Agar (BKL) supplemented with
0.001% thiamine and niceotinic acid, stored at 5 C, and transferred monthly,
Broth media consisted of 1 or 2% Casitone (Difco), 0.27 glucose, 0.001%
thiamine, and 0.001% nicotiniz acid. The pH was 7.4. 1Inocula fo: growth
studles consisted of cells harvested frum 6-hr slants; denser ino.ula
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from overnight slants were used in amino acid incorporation studies. All
incubations were at 37 C with shaking. Growth was measured in the Klett-
Summerson colorimeter with either the red, No. 66 or the green, No. 54
filter. E. coli B from the stock culture collection of t?f Department of
Clinical Microbiology was cultured in the medium of Davis supplemented
with 0.1% peptone,

B. INCORPORATION OF Cl4-aMINO ACIDS INTO BACTERIAL PROTEIN

The incorporation of Cl%-amino acids into the protein of whole cells of
S aureus or E. coli was examined by the method of Levinthal et al.’® as
follows: §S. aureus was grown in 1% Casitone medium until the optical density
(540 mu) reached 0.3 to 0.35 (approximately 3 hours). After the pH of the
culture was adjusied iu 7.3 with M Naou, laheled amino acid (2 uc/20 ml
medfum 1f L-isomer, 4 pc/20 ml if DL-) was added. Spermine was added
simultaneously with the Cl4-amino acid. Samples of 2.0 ml of the incubated
mixture were removed at various times and pipetted into 2.0 ml of 10%
trichloracetic acid (TCA) prepared in 1% Casamino Acids. Samples were
well mixed, kept in ice for 30 min and centrifuged at 12,000 x g for
15 min. Each precipitate was suspended in 1.5 ml N NaOH, kept at room
temperature for 20 min, then 6.0 ml of the 107 TCA solution were added
and the mixture heated at 90 to 95 C for 30 min. After being cooled tc
room temperature, the suspensions were filtered through mempranc filters*
(0.45 p pore size) previously soaked in 5% TCA in 1% Casamino Acids, washed
twice with 10 ml quantities of the 5% TCA solution, and dried. The filters,
mounted in planchets, were counted for radioactivity by a Nnclear Chicago
thin window gas fiow counter.

C. INCORPORATION AND DISTRIBUTION OF LABELED SPERMINE

When the density of the §. aureus culture reached 0.3 to 0.35, the pH
was adjusted to 7.8 and spermine-sz-tetrahydrochloride (0.25 pc/20 ml of
medium) was added. At various time inteirvals 2.0 ml sampies were diluted
in 10.0 ml cold distilled water. The suspensions were filtered immediarely
through membrane filters, washed with additional aliquots of cold water,
dried, mounted on planchets, and counted. Distribution studies were carried
out with log phase cells that had been incubated 25 min in the presence of
0.0138 pc of spermine-Cl4 (1,13 pg/ml of medium). The cells were washed
five times with cold 0.857% saline by centrifugation at 12,000 x g for 10 min
at 4 C in the Sorvall RC-2 centrifuge, resuspended in saline, disrupted for
90 min in the Raytheon 10 kc sonic oscillator, and the soluble extract then
treated in the manner described by Matthaei and Nirenberg ® for the prepara~
tion of S-30 and S~100 supernatant selutions and 100,000 x g particulate
matter. The cell debris was separated from whole cells by repeated centrifu-
gation at 200 x g for 2 to 3 min at a time. All washes were with 0.85%

* Millipore Filter Corp., Bedford, Mass.



saline. Radioactivity of these materials was calculated per pg of ribo-
rucleic acid (RNA). Treilowing deproteinization by phenol extraction, the
S-100 fluid was applied to a methylated albumin column®’ and the effluent
fractions containing RNA and deoxyribonucleic acid (DNA) were locsted by
ultraviolet abhsorption at 260 my in a Hitachi Perkin-Elmer spectrophotometer.
The radioactivity of the protein and the collected effluents was measured

in a Packard Tri-Carb liquid scintillation spectrometer with the samples
dissolved in the scintillation liquid of Davidson and Feigelson.IB

D. ANALYTICAL METHODS

Materials to be assayegﬁcolorimetrically for RNA were extracted first
by the method of Schneider®” and the extracts subjected to the orcimol
test of Drury. ©

E. RADIOCHEMICALS

L-Valine-1-C14, specific activity 168 wc/mmole; DL-valine-1-c14, 3.7
miémmole; DL-leucine-l-C14, 36.6 mc/amole; and uniformly labeled L-lysine-
C'*, 7.5 mc/mmole; L-arginine-Cl4, 7.7 mc/mmole; L-glutamic acid-cl4,

6.35 mc/mmole; and L-threonine-clz, 5.47 mc/mmole were obtained from the
Radiochemical Centre, Amersham, England. D-Alanine-l-Cl4, 8.0 mc/mmole;
glycine-1-C14, 10.2 mc/mmole, and uniformly labeled L-alanine-Cl4, 90
mc/mmole were purchased from Volk Radiochemical Co., Skokie, Illinois.
L-Phenylalanine-1~cl4, 177 mc/mmole was obtained from Schwarz BioResearch,
Inc., Orangeburg, N.Y.; and spermine-c14-tetrahydrochloride, 4.25 mc/mmole,
was purchased from New England Nuclear, Boston, Mass.

III. RESULTS

A. EFFECT OF SPERMINE ON THE GROWTH OF S. AUREUS

The growth of strain SFL 9725 was inhibited 507 by approximately 90 pg/ml
of spermine and completely by approximately 120 pg/ml if the irhibitor was
present at the time of incculation (Fig. 1). The medi:z for these tests
were adjusted initially to pH 7.5. Stationary cultures were inhibited
completely in the presence of approximately 50 ug/ml of spermine.
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Figure 1. Effect cof Spermine on Growth of 5. aurvos SFL 9725,

Organisms were grown 1n 1U-ml cultures fu 150-ml
Erlenmeyer flasks with sharning {n a 37 C warer bath.




E. INCORPORATION OF VALINE-Cl4

Almost all of the counts from valine-cl4 incorporated into growing log
phase cells in 10 min were found in TCA-insoluble material indicating an
incorporation into a high molecular weight polypeptide (Table 1). The
addition of spermine to growing cells did not inhibit growth.

TABLE 1. INCORPORATION OF VALINE-C14 INTO GROWING LOG PHASE CELLS

OF S. AUREUS SFL 97252

Counts per Mir per 2 ml Recovery,

Cample Culture %
Control culture 642
+ Spermine (90 pg/ml) 416
+ Spermine (279 pg/ml) 212

TCA-washed culture (A) 629 100

+ Spermine (B) 348 88

4+ Spermine (T) 178 95
TCA wash A 28
TCA wash 5 20
TCA wash C 24

At density 0.3 {540 mu), 14 ug DL-valine-Cl4 (4 pc) were added
to 20 ml of culture adjusted to pH 7.8 with N NaOH simultane-
ously with the spermine. Following 10 min additional incuba-
tion with shaking in a 37 C water bath, samples were removed
and treated according to Levinthal et al.*®*  TcA-washed
cultures were washed twice with 3 ml of 10% trichloracetic

acid in 1% Cesamino Acids by centrifugation before being given
the Levinthal treatment. The first 57 TCA washes following the
heating of the cells at 95 C were collected.
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C. TINHIBRLITION OF VALINE*C]A INCORVORALICN BY SPERMINE AND EFFECT OF pH

The rapid incorporation ot valine~c1%4 by log phase cells of §. aureus
SFL 9725 was inhitited by spermine, but only if the pH ot the culture was
7.6 or higher at the time oi the addition of spermine (Flg. 2). Following
a slight incorpervation for the first 5 min, uptake ceascd with 200 tc 400
pg/ml of spermine. On the other hand, the incorporating system of E. celi
was completely resistant to 209 pg/ml at pH 7.8 or 8.0.

D. EFFLCT OF 1IME OF ADDJT 'ION OF SPERMIKE

When spermine (280 ug/ml) was added 5 min before the addition of
valine-C% to s culture adjusted to pH 7.8, the incorporation of radiecactive
material barely veached 50 cpm after 25 mir (Fig. 3). This represents an
approximate twofold increase in the etfect of spermine over (hat observed
if the inhibitor and vaiine-C* were added together, and a teafold increasc
i{ the spermine was added 5 min after the addition of the valine.

E. REVERSAL OF SPERMINE

Mg++ in the form of MgCl, caused a slight reversal of the effect of
spermine, 2.3 mg/ml reducing the irhibition caused by 265 pg/wl spermine
from 96 to 78%. No advantage was found by using an increased concentration
of MgCly or by repiacing MgCls with MgSOy. Mn*t did not reverse the inhibi-
tion by spermine and although Ca'™ recuced the inhibition of incorpoaration
of counts approximately one-half, its use was disadvantagecus, since it
ccvsed hecavy precipitation in Casitone cultures at pH 7.8. Attempts to
entagonize spermine with NH4+ ions were without consistent success.

F. CFFECT OF SPERMINE ON INCORPORATION OF QLHER CIQ"AMINO ACIDS

Altndught luy pitase celis incorporateg levcine ,l‘.cn‘, lalanine-d
to a lesser uegree than valine-ClA, sperminc had the same inhibitory effect.
On the other hand, incerporation of label frum D-alanine, L-alanine, or
glycine by $. aurcus cells did not cease after au initial uptake but pro-
ceeded linearly at a slower rate than that of the control. An inhibition
of 51 to €6% was observed after 20 min incubation (see curve for L-azlanine,
Fig. 4). The behavior of spermine toward the incorporation of label from
lysine, argiuiune, and to a great extent glutamic acid was similar to that
shown with valine (lable 2). The incorporation of threonine-cl%, however,
was affected very little by spermine (Fig. 5).*e

nough lup pihlase celis incorporated levcine-Ci% and p ‘lalanine-ct'®
b
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Figure 3. Effect of Time of Addition of Spermine on Incorporation of
veline-C1% {nta Growing Log Phase Ceils of §. aureus SFL 9725.
Spermine was added before, with, and after the addition of
L-valime-C'* (0.1 ¢ or C.07 ug/ul) to 20-ul culiure at pH 7.8.
The organisms were incubated with shaking in a 37 C water bath.

12 _
+_ .
Valine 1
3 o control
/
1300 — Y
o T / |
5 - /o/
C 4
é. a ) |
- / Spermine {279 ug /ml):
T / |
= 500 /O g—9 +5min
m o
32 — /
8 " 0/ D/D 0 Time
D/
- o
TS 444.‘..L14111:.l_5mln
0 5 10 15 20
minutes
i

i

fodail &

e

bt b




1500 —

O .
/ L-Alanine
/  control
- /
/
—8 o/
2 1000 /
C .
£ o / Spermine :
— B 6 m
oy / @ 205 mg/ml
c)_ e / A 663 "
. 13 ”
wn L
bd /
c O
2 500 — / 332
O o / / ///[:I
)
i /. C
/ )
B o)
NS RS DTS R
0 S He 15 23
minutes
Figure &. Effect of Spermire on Incorporation of L-a2lanine~Cl4 intc
Growing Log Phase Cells of S. aureus SFL 9725. The sperwmine
and the L-alanine-Cl4 (0.1 uc or 0.1 yg/ml) were added together
to 20 ml of culture at pH 7.8. Organlsms were incubated with
shaking in a 37 € water bath.
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TABLE 2. EFFECT OF SPERMINE ON THE INCORPORATION OF Cl4-AMINO ACIDS
INTO GROWING LOG PHASE CELLS OF S. AUREUS SFL 9725

cl% Anino Acid

Spermine, Count. pe~ Min per 2 ml Inhibition,

(uc/ml) pz/mi Cultuced/ A

DL-Valine (0.19) 0 981
135 172 83

DL-Leucine (0.19) 0 386
135 80 79

L-Phenylalanine (C.097) 0 328
135 S3 84

L-Lysine (0.095) 0 362
133 i08 70
332 60 82

L-Argivine (0.095) 0 604
133 145 76
332 65 89

L-Glutamic Acid (0.0935) 0 891
133 252 72
332 136 85

a. Ar density 0.3 {540 m) cl4-amino acid and spermine added together to
20 wl of culture adjusted to pH 7.8 with N NaOH.
incubation with shaking in a 37 C water bath, 2.0 ml samples were
removed and treated according to Levinthal et al.

C. SPERMINE INCORPCORATION AND CELLULAR DISTRIBUTION

Following 20 win

The incorporation of spermine-ClA by multiplying log phase cells was
rapid; the fastest rate occurred in the first 2 to 4 min (Fig. é). The

incorporation seemea to be antagonized by polylysine,* however, use of this
compound for such experiments was disadvantageous, slince it caused a pre-

cipitation even in sterfle Casitone medium.

* Molecular Weight 3300, YEDA Research and Development Co., Rehoveth,

israel,
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when log gyase cells were grown for 25 min in the presence of 0.0138 uc
of gpermine-C*'* and then disrupted by sonic oscillatfon, 507 or more of the
radioactivity recovered was found in the soluble cell extract. The 100,000
x g particulate matter contained a total of 3210 count/min and the $-100
supcrnatant fluid 134.200 count/min. If radloactivity was calculated as
count/min per pg RNA, values of 15 were obtained for both the particulate
and supernatant fractions. The count of the whole celis was &4 count/min
per g RNA. Following chromatography of the $-100 material through the
methylated albumin columm, the separated RNA and DNA fractfions showed
little radfoactivity; 99% of the label was found in the protein fracticn
obtained by extraction with phenol.

1V. _DISCUSSLON

The growth inhibiting character of spermine towards §. aureus as shown
by Rozansky et al.® was confirmed for strain SFL 9725. In addition, sper-
mine wae shown to inhibit the incorporation of valine-cl4 by multiplying
log phase S. aureus cells. The {ncorpcration of counts leveled off follow-
ing a short period during which a small amount of incorporation occurred.
This was true also for labeled leucine, phenylalanine, arginine, lysine,
and possibly glutamic acid, but not for L- or D-alanine, glycine, or
threonine. With this latter group, no leveling off cf incorporation was
observed even in the presence of 332 pg/mi of spermine. These observations
may reflect a possible effect spermine has on the permeaction of amino acids
into S. aureus. Also, the lack of complete inhibition of the incorporation
of alanine and glycine may be explained as a failure of spermine tou afiect
the {ncorporating system of these amino acids into cell wall mucopeptide.21
Yet, lysine is known to be part of this glycopeptide but threonine has not
been reported to be part of the staphylococcal cell wall peptide.

The effect of pH sn spermine inhibitory activity and the role ot Mgt
or polvylysine in reversing this activitv points to the cationic nature of
the poiyamine., The lack of complete reversal by Mgt may have been due to
the alkaline pH at which spermine activity is tested or to the possibility

that the %gcorporated spermine was bound tightly to the polynucleotides of
the cell.

Crowing S. sureus cells in the log phase incorporated spermine-Cla
rapidly; cells in 1 ml of culture bound 0.14 ug of labeled spermine after
20 min. At least 507 of the bound spermine-c1 was in the particulate
matter obtained after centrifugation at 100,000 x g. This firding is in
agreement with the observation of Cohen and Lichtenstein® who found that
spermine i{s tightly bound to bacterial ribosowes. Analysis of the
100,000 x g supernatant fraction on a methylated albumin column indicates

G s
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that spermine 1s not bound to soluble RNA or DNA. Yet redistribution of
spermine-614 durfng the phenol extraction has to be consider«d, although
this tieatment ghould not lead to o discocistion ¢f the epermine-nucledfc

acid complexes.

No definite explanation a3z to the mode of antibacterial action of
spermine ¢sn be glven as yet. However, the report of Mager et al. and
Iricdman and Weinstein ™ strongly suggest that one activity may be s{m{lar
to that of streptomyvcin in which geretic miscoding occurs resulting in the
formation of incomplete or ncnfuactional protoin that could be lethal to
the cell., 7Tt {s remarkahble that the code words of the amino acids ~ which
were inhibited by spermine consist of either twc adenylic or two uridylic
acids. 1Tt 1is tempting to speculate that spermine is bound to these nucleo-
tides or to the corregﬂonding nuc leotides in the‘anticodons of the 8-RNA.
The fiading of Mandel ™ and Mahler and tichrotia that the wifect of sper-
mine on the melting temperature cf DNA is a function of its adenine-thvmine
content also supports the view that adenylic and thymidylic acids (and
possibly uridytic aciy) arc related to the biological activity of spermine.
Obviously a more direct answer to the roie of spermine in these reactions
would have been obtained with a cell-free staphylococc.® {ncorporating
system utilizing synthetic messenger RNA. These studies will h:ive to
awalt the sclucion of the problems concerned with obtaining 7058 ribosuzes

from Staphylococcl.”

e ==ﬂrﬁr ” T i
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